Preface for the Student
No actual structure is rigid. All structures deform under the action of applied loads. When the applied loads vary over time, so, too, do the deflections. The time-varying deflections impart accelerations to the structure. These accelerations result in body forces 1 called inertial loads. Since these inertia loads affect the deflections, there is a feedback loop tying together the deflections and at least the inertial load part of the total loads. When the applied loads result from the action of a surrounding liquid, then the deflections determine all the applied dynamic loads. Therefore, unlike static loads (i.e., slowly applied loads), differential equations based on Newton's laws are required to mathematically describe time-varying load-deflection interactions. Inertial loads can also have the importance of being the largest load set acting on parts of a structure, particularly if the structure is quite flexible.
In order to appreciate how significant time-varying forces can be, consider, for example, the time-varying loads that act on a typical large aircraft. After the aircraft starts its engines, it generally must taxi along taxiways to a runway and then travel along the runway during its takeoff run. Taxiways and runways are not perfectly flat. They have small alternating hills and valleys. As will be examined in a simplified form later in this book, these undulations cause the aircraft to move up and down and rock back and forth on its landing gear, that is, its suspension system. Since the aircraft structure is not rigid, this vibratory motion of the aircraft as a whole leads to the flexing of the major parts of the aircraft, particularly the wings. The relative deformations between various parts of the wing structure are, of course, conveniently described as strains. The strains go hand in hand with stresses, and these stresses can be the maximum stresses for the aircraft structure. For example, the maximum in-flight gross weight of many large aircraft is greater than the maximum takeoff gross weight. (In-flight refueling makes possible these different gross weights.) The up-and-down inertial loads induced by the design values for the anticipated waviness of the taxiway are often responsible for the lesser value of the takeoff gross weight.
Once the aircraft has taken off, it generally climbs to the desired altitude by using full power or at least higher values of engine thrust. This type of power plant operation often produces the worst-case acoustical (high-frequency) loading on the aircraft structure adjacent to the power plant. That noise, a high-frequency vibration, is of concern because it can induce acoustical fatigue, as well as be bothersome to passengers and crew. Each time the aircraft maneuvers during its flight, the control system alters the so-called g-loads (another name for inertia loads) distributed over the aircraft structure. For those types of aircraft, such as fighter aircraft, for which rapid maneuvers are important, it is easy to imagine that the maneuver loads could be, for the most part, the dominant load set. It is also possible that the critical loads occur when a large aircraft is flying straight and level if the aircraft is subjected to substantial vertically directed wind gusts. Such gusts can add considerable bounce to the flight, with considerable flexing of the aircraft's major components. If the flight goes well, eventually the aircraft will land, and that landing will create another set of important dynamic loads as a result of the impact of the aircraft's landing gear with the runway. A landing on an aircraft carrier in particular requires careful estimation of the distributed inertial loads along the wing as the wing tips bend toward the carrier flight deck immediately after the landing gear impacts on the flight deck. All the above-described situations generally result in an initial structural motion and a snapback motion; that is, a vibration that is now defined as any back-and-forth motion of the structure. Again, those motions result in inertial loads that, when combined with other loads, can cause the critical stresses within the aircraft structure. Thus the importance of vibrations for aircraft structural engineers is clear. Similar scenarios are possible for other types of vehicles: land, sea, air, or space. The structure does not have to be that of a vehicle to be endangered by time-varying loads. Time-varying wind gust and earthquake loads must be considered in the design and analysis in many civil engineering structures.
If the possibility of dynamic loads providing the maximum stresses is not enough of a reason for structural engineers to study vibrations, then there is the matter of the dynamic instabilities that are possible. In bridges and aircraft, these critical instabilities are grouped mostly under the heading "flutter." The general concept of flutter is familiar to anyone who has ever watched a ribbon tied to a fan or observed Venetian blinds lowered over an open window in a mild breeze. There are two possible sources of difficulty. One type of problem is where, perhaps because of a nonlinearity, the vibration amplitude is limited but nevertheless maintained at large deflection amplitudes. In such circumstances, there is the threat of a rapid fatigue failure. The second type of problem is where the combination of aerodynamic, inertial, and elastic loads produces vibrations whose amplitudes continue to increase. When the amplitudes of the vibration steadily increase, the strains and stresses also steadily increase until structural failure occurs. These dynamic instabilities generally result from the same combination of elastic, inertial, and applied loads that are present in any structural dynamics problem. Moreover, there is also the aircraft phenomenon called propeller whirl that, in addition to depending on aerodynamic, inertial, and elastic forces, depends on the gyroscopic forces of the rotating propeller.
The above brief discussion is intended to support two facts of engineering practice. The first fact is that particularly for land, sea, air, and space vehicles, the dynamics of www.cambridge.org © Cambridge University Press
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Preface for the Student xiii the structure are important, often critically important. The second fact is that for an engineering analyst to prepare an adequate mathematical description of a structural dynamics problem, that analyst needs a certain understanding of dynamics as well as of structural analysis. This textbook first focuses on providing the student with all the information on the dynamics of solids that the student needs for such analyses. The textbook then explains how to use the commonplace finite element stiffness method to create those matrix differential equations that adequately describe the structural dynamics problem. The remainder of the textbook discusses solution techniques, principally the technique called the modal method.
For a student to succeed in using this book, he or she should have already studied some applications of Newton's laws and have studied structural mechanics to the point of being reasonably comfortable with elementary beam theory. Chapter 3 provides a sufficient and self-contained explanation of structural modeling using the finite element method to the extent of structures composed of such structural elements as beams, bars, and springs. An attempt has been made to illustrate all aspects of the presented theory by providing numerous example problems and exercises at the end of each chapter. The answers to the exercises are found in Appendix I.
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Preface for the Instructor
This textbook is designed to be the basis for a one-semester course in structural dynamics at the graduate level, with some extra material for later self-study. Using this text for senior undergraduates is possible also if those students have had more than one semester of exposure to rigid body dynamics and are well versed in the basics of the linear, stiffness finite element method. This textbook is suitable for structural dynamics courses in aerospace engineering and mechanical engineering. It also can be used in civil engineering at the graduate level when the course focus is on analysis rather than earthquake design. The first two chapters on dynamics should be particularly helpful to civil engineers.
This textbook is a departure from the usual presentation of this material in two important ways. First, from the very beginning, descriptions of system dynamics are based on the simpler-to-use Lagrange equations. To this end, the Lagrange equations are derived from Newton's laws in the first chapter. Second, no organizational distinctions are made between multidegree of freedom systems and single degree of freedom systems. Instead, the textbook is organized on the basis of first writing structural system equations of motion and then solving those equations mostly by means of a modal transformation. Beam and spring stiffness finite elements are used extensively to describe the structural system's linearly elastic forces. If the students are not already confident assemblers of element stiffness matrices, Chapter 3 provides a brief explanation of that material. One of the advantages of this textbook is that it provides practice in the hand assembly of system stiffness matrices. Otherwise the student is expected only to bring to this study topic the usual calculus and differential equation skills developed in an accredited undergraduate curriculum. The one exception with respect to math skills occurs in Chapter 8, a wholly optional chapter, which deals with continuous mass models. There a couple of Bessel equations are used to describe nonuniform, vibratory systems. These tapered-beam examples just push that topic to its limits and thus easily can be skipped.
The traditional textbook and course material organization starts with an exhaustive study of single degree of freedom systems and only then proceeds to multidegree of freedom systems. The author's departure from this customary organization is prompted by his experience that this usual material organization leaves little time at the end of the semester for students to obtain a comfort level with the use of the modal
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{ } a column matrix. a row matrix; i.e., the transpose of a column matrix.
[\ \] a diagonal (square) matrix.
a, b with a single subscript, a coefficient of a power series expansion of (usually) a deflection function for a structural element.
a, b, c general lengthwise dimensions or proportionality factors. a general acceleration vector. A subscript indicates the acceleration of a particular mass particle. c a general damping coefficient such that the damping coefficient multiplied by the corresponding velocity produces a damping force. In brackets, the damping matrix. c a flexibility coefficient, which in general terms, is the inverse of a stiffness coefficient; with square brackets, a flexibility matrix; and with two subscripts, the row and column entry of that matrix identified by the subscripts.
c an airfoil chord length; i.e., the streamwise distance between the airfoil leading edge and the airfoil trailing edge.
e subscript or superscript refers to an individual structural finite element.
e eccentricity of an ellipse or an offset distance of a lumped mass from a finite element model node.
e j position vector of the jth mass particle relative to the center of mass of the mass system. f the frequency of a vibration measured in hertz (Hz; cycles per second). This is not to be confused with the circular frequency, ω, which has units of radians per second. k a stiffness coefficient for a single coiled spring or, more generally, an entry in the stiffness matrix of a spring or a more complicated structural element such as a beam or plate. In square brackets, a stiffness matrix.
l, generally a beam segment length. m mass. A subscript indicates a particular mass particle or mass at the ith finite element node. In square brackets, a mass matrix.
m, n positive integer indices. p in braces, the vector of modal deflections; with a subscript, an entry of such a vector.
p, q orthogonal unit vectors in the z plane that, depending on the subscripts, rotate (positive counterclockwise) with either the center of mass of the mass system or a particular mass particle of the mass system. See Figure 1 .4. q general symbol for a generalized coordinate (degree of freedom). In braces, a vector of generalized coordinates. r a position vector; i.e., a vector that locates the position [x(t), y(t), z(t)] of a mass or mass particle. In the latter case there is a subscript that indicates which mass particle. in brackets, a rotation matrix that is part of the Jacobi method or a variation on the Jacobi method.
s entries in the "sweeping" matrix that relates (1) the generalized coordinate vector constrained to be orthogonal to the lower numbered mode shapes to (2) the unconstrained generalized coordinate vector.
s with a subscript, the sine response function for the mode indicated by the subscript.
sgn( ) a function that has the value positive 1.0 when the argument is positive and the value negative 1.0 when its argument is negative. D in brackets, a material stiffness matrix for an elastic material; i.e., a coefficient matrix for strains that yields the corresponding stresses. D in brackets, the system dynamic matrix; i.e., the product of the inverse of the stiffness matrix premultiplying the mass matrix when it is nonsymmetrical or the result of a transformation using a Cholesky decomposition when it is symmetrical.
xxii List of Symbols E Young's modulus; i.e., the slope of the straight-line portion of the stressstrain curve for a structural material loaded in tension or compression.
E error term.
Ᏹ total mechanical energy of a structural system. F general force vector. An ex superscript indicates forces external to the mass system under consideration. An in superscript indicates forces internal to the mass system. A subscript indicates a force acting on a particular mass particle.
F the magnitude of an impulse; i.e., the integral of a short duration force over time.
F, G general mathematical functions of engineering interest. G the shear modulus; i.e., the slope of the straight-line portion of the stressstrain curve for a structural material subjected to a shear loading.
G the universal gravitational constant.
H a general symbol for mass moment of inertia of a mass system about a point or an axis indicated, respectively, by the single or double subscript. As a "second moment," it is the sum of each mass particle or differential sized mass multiplied by the square of the distance from the point or axis indicated to the mass particle or differential mass.
H with a subscript, the complex frequency response function associated with the mode indicated by the subscript. K in brackets, the stiffness matrix for an entire structural system that is composed of the compatible sum of the stiffness matrices of the individual structural elements. With subscripts, a submatrix of the total stiffness matrix.
K a torsional spring constant; i.e., the proportionality factor multiplying the twist in the spring that yields the moment necessary to achieve that twist. L an aerodynamic lift force.
M an externally applied moment, or the internal moment stress resultant for a beam cross section.
M
In brackets, a mass matrix.
M an aerodynamic moment; i.e., the moment acting on a wing segment because of the surrounding airflow.
M general moment vector.
N the axial force in a beam or a bar of a truss.
N with a single subscript, a "shape function" that, together with a generalized coordinate of a finite element, describes the deflections of the finite element associated with that generalized coordinate.
O[ ] order of magnitude of the quantity within the brackets. P in braces, the vector of applied modal forces; with a subscript, an entry of such a vector. P general momentum vector equal to the scalar mass value multiplied by the velocity vector.
Q general symbol for a generalized force. Subscripts often indicate the corresponding generalized coordinate.
R general symbol for a support reaction, either a force reaction or a moment reaction.
R in brackets, a right triangular matrix of a Cholesky decomposition.
R in brackets, a coefficient matrix that relates one set of generalized coordinates to a second set of generalized coordinates that is rotated through one or more angles relative to the first set of generalized coordinates.
R a principal radius of curvature of a curved beam.
S the planform area of a wing segment.
S in brackets, a "sweeping" matrix that removes the presence of lower numbered modes from the system dynamic matrix.
T kinetic energy.
T the time period of one vibratory cycle.
T a matrix that transforms one set of generalized coordinates into another set of generalized coordinates. U strain energy; i.e., the recoverable energy stored in an elastic system because of the deformation of that system. U, V, W with an argument, a vibration amplitude function of a system with a continuous mass distribution.
